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ratios expected from the elemental 12 C/ 13 C ratio are 60-70 and 30-35, respectively, where the latter takes into account the statistical factor of 2 for the two equivalent carbon atoms in c-C 3 H 2 . Hence, this observation further confirms the dilution of the 13 C species in carbon-chain molecules and their related molecules, which are thought to originate from the dilution of 13 C + in the gas-phase C + due to the isotope exchange reaction: 13 C + + CO → 13 CO + C + . Moreover, the abundances of the two 13 C isotopic species are different from each other. The ratio of c-13 CCCH 2 species relative to c-CC 13 CH 2 is determined to be 0.20 ± 0.05. If
Introduction
Radio spectral lines of 13 C isotopic species of various molecules are now detectable with a reasonable observation time, thanks to recent developments of receiver and backend technologies. So far, spectral lines of 13 C isotopic species of abundant molecules, whose main isotopologue (normal species) lines are optically thick, have widely been observed to derive the column density of the normal species accurately. In this case, the 12 C/ 13 C ratio of each species is usually assumed to be the same as the elemental 12 C/ 13 C ratio, which is 60-70 in the solar neighborhood (Lucas & Liszt 1998; Milam et al. 2005) . However, anomalies of the 12 C/ 13 C ratio for carbon-chain molecules have recently been recognized in nearby cold and dense molecular clouds. The anomalies include different 12 C/ 13 C ratios for different carbon atoms in a single molecular species and significantly high 12 C/ 13 C ratios for several carbon-chain molecules in comparison with the elemental 12 C/ 13 C ratio.
As for the former anomaly, Takano et al. (1998) reported the non-equivalent abundances of the three 13 C species of HC 3 N toward the cold dark cloud TMC-1 (Cyanopolyyne peak; CP). The abundance of the HCC 13 CN is higher than that of H 13 CCCN and HC 13 CCN by a factor of 1.4. Sakai et al. (2007) also reported a large difference between the 13 CCS and C 13 CS abundances toward TMC-1 (CP), the ratio of C 13 CS/ 13 CCS being 4.2. A similar non-equivalence of the 13 C isotopologues of a single molecular species is reported for CCH, C 3 S, and C 4 H (Sakai et al. 2010a . It is proposed that these non-equivalent abundances of the 13 C species reflect production pathways of each molecule and/or originate from gas phase reactions interchanging the 13 C position within a molecule (Sakai et al. 2010a; Furuya et al. 2011) .
The second anomaly is that the 12 C/ 13 C ratios of some carbon-chain molecules are significantly higher than the elemental 12 C/ 13 C ratio (60) (61) (62) (63) (64) (65) (66) (67) (68) (69) (70) in the solar neighborhood, indicating that the 13 C isotope is diluted in these molecules. The most striking result is reported for CCH (Sakai et al. 2010a) . The CCH/ 13 CCH and CCH/C 13 CH ratios are higher than 250 and 170 toward TMC-1 (CP), respectively. High 12 C/ 13 C ratios are also seen in CCS, C 3 S, and C 4 H. Such a dilution of the 13 C isotopic species was theoretically predicted by Langer et al. (1984) , and it was confirmed for some carbon-chain molecules by the above observations. On the other hand, Liszt & Ziurys (2012) reported the 12 C/ 13 C ratios of CS, HNC, and H 2 CS to be in the range from 43 to 79 toward TMC-1 (CP), which is close to the elemental 12 C/ 13 C ratio. Hence, the degree of the 13 C dilution seems dependent on molecular species, although its origin is still controversial.
It is therefore important to explore whether the 13 C isotope anomalies are seen in other molecules. Furthermore, the above observations were mostly carried out toward TMC-1 (CP), although the anomaly was reported for CCS toward the cold dark cloud L1521E
and for CCH toward the low-mass star-forming region L1527. With these in mind, we here report on the observations of the 13 C isotopic species of c-C 3 H 2 toward the low-mass star-forming region L1527. c-C 3 H 2 is a carbon-chain related molecule, and is known to exist widely in interstellar clouds (e.g., Madden et al. 1989; Cox et al. 1989) . It has two kinds of 13 C isotopic species, as shown in Figure 1 . The off-axis 13 C species (referred to hereafter as c-CC 13 CH 2 ) is statistically favored by a factor of 2, because there are two equivalent carbon atoms in c-C 3 H 2 for 13 C substitution for this species. It was detected in TMC-1 and other sources (Madden et al. 1986; Gómez-González et al. 1986; Spezzano et al. 2013 ). On the other hand, detection of the on-axis 13 C species (referred to hereafter as c-13 CCCH 2 ) has not been reported in cold clouds as far as we know, although detection of one line was claimed by Gómez-González et al. (1986) 
Results

Overall results
In the Nobeyama observations, we detected 7 lines of c-C 3 H 2 in the 3 mm band (Table   4 ). Later, we further detected 8, 9, and 17 lines in the 3 mm, 2 mm, and 1 mm bands in the ASAI observations. Examples of the observed spectra are shown in Figure 2 , along with the best Gaussian fit to their profiles. In total, 41 lines of c-C 3 H 2 were detected, among which 7 transitions were observed both in the Nobeyama and ASAI observations. Even Tables 1 and 4 , and are also shown in the energy level diagram (Figure 3 ). Since c-C 3 H 2 has a pair of equivalent H nuclei, the rotational levels are classified into the ortho and para species. Radiative and collisional interconversion between the ortho and the para species is strongly forbidden, and hence, the ortho and the para species behave as different molecular species. In our observations, 19 and 18 lines are detected for the ortho and para species, respectively, while the remaining 4 lines detected in the 1 mm band are blended lines of the ortho and para species.
In addition to the lines of normal species, we also detected the lines of the 13 C isotopic species. The line parameters of c-CC 13 CH 2 and c-13 CCCH 2 species (Figure 1 ) are summarized in Tables 2 and 3 , respectively. For c-CC 13 CH 2 , we detected 6 lines in the 3 mm band in the Nobeyama observations, and 2, 4, and 7 lines in the 3 mm, 2 mm, 1 mm bands, respectively, in the ASAI observations. In total, we detected 19 lines for c-CC 13 CH 2 , as summarized in Tables 2 and 4 . In contrast to the normal species, c-CC 13 CH 2 does not have the ortho and para classification, because the two hydrogen nuclei are no longer equivalent.
For c-13 CCCH 2 , we detected 3 lines in the 3 mm band in the Nobeyama observations, and 2, 1, and 3 lines in the 3 mm, 2 mm, 1 mm bands, respectively, in the ASAI observations, as summarized in Tables 3 and 4 . Hence, c-13 CCCH 2 is definitively detected, as shown in Figure 2 . This species has the ortho and para states as in the case of the normal species.
It should be noted that c-CC 13 CH 2 is statistically favored by a factor of 2 in comparison with c-13 CCCH 2 , because two equivalent carbon atoms are available in c-C 3 H 2 for 13 C substitution for c-CC 13 CH 2 while only one for c-13 CCCH 2 (Figure 1 ).
LTE analysis for c-C 3 H 2
Assuming the local thermodynamic equilibrium (LTE) condition, we determine the rotation temperatures and the beam-averaged column densities of c-C 3 H 2 and its 13 C species by using the least-squares analysis with the following equations:
where T b is the brightness temperature, h the Planck constant, ν the transition frequency, k the Boltzmann constant, T rot the rotation temperature, T bg the cosmic microwave background temperature, τ the optical depth, S the line strength, µ the dipole moment, ∆v the line width, U(T rot ) the partition function, E u the upper state energy, and N the total column density. The partition function is numerically calculated from energies and degeneracies of the rotational levels, which are taken from the spectroscopy database, CDMS (Müller et al. 2005 ) (See also original spectroscopy references: Bogey et al. (1986); Vrtilek et al. (1987) ; Bogey et al. (1987) ; Spezzano et al. (2012) .).
Because the size of the emitting region is comparable to or smaller than the telescope beam size, the effect of beam dilution has to be taken into account. This correction for the beam dilution is particularly important in this analysis, because the 1, 2 and 3 mm data, which result in different beam sizes, are used simultaneously. Furthermore, the correction is also necessary for the 3 mm data taken with the two different telescopes. The correction for the beam dilution is made by dividing the observed intensity by the beam dilution factor η = θ analysis, the ortho and para species are treated as different molecules, and the ortho-to-para ratio is taken as a fitting parameter. This analysis is possible owing to the large dataset of the observed line intensities. Relative weights of the data are determined by the errors of the line parameters including the uncertainty of the intensity calibration (20%). The total (ortho plus para) column density is derived to be (1.08 ± 0.16) × 10 14 cm −2 . The ortho-to-para ratio is evaluated to be 3.1 ± 0.4, which is comparable to the statistical weight of 3. This ratio is consistent with the previous report by Takakuwa et al. (2001) (2.5 ± 0.5).
The rotation temperature is (8.3 ± 0.3) K, which is lower than that reported for C 4 H 2 in L1527 of 12.3 K . The errors denote the standard deviation of the fit.
We also estimated the column densities of the two 13 C species, c-13 CCCH 2 and c-CC 13 CH 2 , by assuming LTE condition. The column density and the rotation temperature of c-13 CCCH 2 are evaluated to be (3.5 ± 0.7) × 10 11 cm −2 and (8.6 ± 1.5) K, respectively, by assuming the same ortho-to-para ratio as the normal species. On the other hand, 61 ± 11. [c-CC 13 CH 2 ] represents the total abundance of the c-CC 13 CH 2 species without any correction for the statistical factor of 2 (Figure 1 ; Section 3.1). These results are higher than the ratios expected for the condition that 13 C is randomly distributed among the three carbon atoms and the elemental abundance ratio of 12 C/ 13 C is 60-70, as shown in Table 5 . The physical structure of the source (i.e. the gradient in the density and the temperature) may also play a role. However, the systematic residuals are eliminated by a non-LTE analysis described below, and we therefore consider that the systematic residuals mainly originate from imperfection of the LTE assumption.
LVG analysis for c-C 3 H 2
We employ a large velocity gradient (LVG) analysis based on the non-LTE radiative transfer code Radex (van der Tak et al. 2007 ) for the analysis of the normal species. If the gas kinetic temperature is assumed to be 25 K (Sakai et al. 2010b) , the H 2 density and the total column density of c-C 3 H 2 are determined to be (2.9 ± 0.5) × 10 5 cm −3 and (8.8 ± 1.1) × 10 13 cm −2 , respectively. Even if the gas kinetic temperature is assumed to be 10 K for reference, the total column density of c-C 3 H 2 does not change very much ((1.18 ± 0.11) × 10 14 cm −2 ). Figure 5 shows the residuals of the fit for the gas kinetic temperature of 25 K, calculated in the same way as in Figure 4 . The systematic errors seen in Figure 4 are now eliminated in Figure 5 . Although the non-LTE analysis is favorable as seen here, the collisional cross sections are not reported for the 13 C isotopic species. Hence, we cannot determine the abundance ratios of the 13 C isotopic species relative to the normal species by using the non-LTE analysis. Since the total column density derived from the non-LTE analysis only differs from that derived from the LTE analysis by 20%, we employ the LTE results for discussions of the 12 C/ 13 C ratio of c-C 3 H 2 .
4. Discussion 4.1. Dilution of the 13 C species
The 12 C/ 13 C ratios of c-C 3 H 2 derived from the column densities are summarized in Table 5 . The averaged 12 C/ 13 C ratio of c-C 3 H 2 is calculated as
The numerical factor 3 is introduced because three carbon atoms are available for the 13 C substitution. The R av values are evaluated to be 150 ± 30 under the LTE condition. As shown in Table 5 , the 12 C/ 13 C ratios of c-C 3 H 2 are thus found to be higher than those expected from the interstellar elemental abundance ratio of 60-70 (Lucas & Liszt 1998; Milam et al. 2005 ). For comparison, we have also derived the 12 C/ 13 C ratio in L1527 by using the J = 1-0 line data of C 18 O and 13 C 18 O obtained in the ASAI and Nobeyama observations to be 68 ± 19. The R av value obtained above is also higher than this ratio.
In dense molecular clouds, the main reservoir of 13 C is 13 CO, which is the most abundant carbon-bearing molecule. As carbon-chain molecules are produced by reactions starting from C + , their 13 C species are formed by the reaction from 13 C + . Although the 13 C + ion is produced from 13 CO with the reactions of He + , as 12 C + from 12 CO, 13 C + will go back to 13 CO by the following isotope exchange reaction (Langer et al. 1984; Roueff et al. 2015) :
This is the most important reaction for 13 C + , because the reaction with H 2 is a very slow radiative association. The electron recombination is also much slower than the reaction with 12 CO. This exchange reaction is exothermic, and hence, its backward reaction is slow in cold clouds. Then, the 12 C + / 13 C + ratio tends to be higher in cold clouds. The 13 C species of various molecules produced from 13 C + thus become less abundant. This mechanism was initially proposed by Langer et al. (1984 Such a dilution process can occur even in the protostellar envelope of L1527, whose gas kinetic temperature is 25 K (Sakai et al. 2010b (Sakai et al. , 2014 . In order to verify this, we consider the following relation under the steady-state approximation:
where k f and k b are the rate coefficients of the forward and backward reactions of (2), respectively, and [X] denotes the abundance of X. These rate coefficients fulfill the following relation:
where ∆G represents the free energy difference between the right and left hand sides of the reaction (2). Since k b /k f is evaluated to be 0.2 at 25 K, the dilution process of 13 C + is barely possible in the warm region of L1527.
L1527 is a warm-carbon-chain-chemistry source, where CH 4 evaporated from dust grains in the warm ( 25 K) and the dense part near the protostar triggers efficient production of carbon-chain molecules including c-C 3 H 2 . CH 4 is thought to be formed by hydrogenation from the neutral carbon atoms depleted onto dust grains in the cold starless core phase and/or the less dense phase. The 12 C/ 13 C ratio of the carbon atom is also expected to be larger than the elemental ratio as the 12 C + / 13 C + ratio, because the neutral carbon atom (C) is formed from electron recombination of the carbon ion (C + ). Hence, the 12 C/ 13 C ratio of CH 4 formed on dust grains would also be higher. This may also contribute to the dilution of the 13 C species of c-C 3 H 2 .
4.2. Abundance difference between two 13 C species
As described in the Introduction, it is reported that several carbon-chain molecules show the abundance anomaly of the 13 C species. For CCH, CCS, C 3 S, C 4 H, and HC 3 N, the 13 C abundances for different carbon atoms in a single molecular species are different from one another. In order to compare the abundance of the two 13 C species ratio would be 0.5. Hence, the observed ratio indicates that c-CC 13 CH 2 exists more favorably than c-13 CCCH 2 . It has been thought that the main production pathway for c-C 3 H 2 is the electron recombination of C 3 H + 3 . This is because the cyclopropenyl cation C 3 H + 3 is a major ionic species, which is produced by the gas-phase reactions starting from CH 4 . Since C 3 H + 3 has three equivalent carbon atoms, c-C 3 H 2 produced from C 3 H + 3 cannot contribute to the abundance anomaly of 13 C species.
Hence, other reactions have to be considered as the dominant production pathway (e.g.,
Another possible reason for the abundance anomaly of the two 13 C species is the exchange reaction between c-13 CCCH 2 and c-CC 13 CH 2 , although it is uncertain whether this reaction happens for the closed shell molecule, c-C 3 H 2 . The zero-point vibrational energies of c-13 CCCH 2 and c-CC 13 CH 2 are evaluated to be lower than the normal species by 8.74 K and 53.2 K, respectively, by using the molecular constants by Dateo & Lee (1997) .
Hence, it would be possible that c-CC 13 CH 2 is enhanced relative to c-13 CCCH 2 , if the exchange reaction is possible. In case of 13 CCH and C 13 CH, the reaction such as
is proposed (Sakai et al. 2010a) . It is thus interesting to explore whether a similar process is possible for c-C 3 H 2 . It should be noted that the isotopologue with the lowest zero-point vibrational energy tends to have higher abundances for CCH, CCS, and C 3 S, although this trend is uncertain for C 4 H (Sakai et al. 2007 (Sakai et al. , 2010a ). This fact may suggest possible contribution of the position exchange reactions (Sakai et al. 2010a; Furuya et al. 2011 ).
More detailed studies of these reactions as well as chemical model calculations for the 13 C species in molecular clouds are awaited.
Concluding Remarks
In this study, we accurately determined the [c-
CH 2 ] ratios on the basis of the extensive data of the Nobeyama and ASAI observations.
We found a significant dilution of the 13 C species, and a significant difference between the
CH 2 ] ratios, even when the statistical factor of 2 for the c-CC 13 CH 2 species is taken into account. This further confirms that the 13 C anomaly is an important phenomenon in astrochemistry.
It should be noted that determination of the 12 C/ 13 C ratio requires accurate determination of the column density of the normal species. This was indeed possible in this study, where a large number of lines can be used to conduct a fine analysis. However, this is not always the case. On the other hand, the anomaly in the 12 C/ 13 C ratio among the different carbon atoms in a single molecule can be studied only by observations of the 13 C species, which often emit optically thin lines. If the cause of the 12 C/ 13 C anomaly in a single molecule is established, it could be a new tracer to understand chemical processes and physical conditions of molecular clouds.
The anomalies of the 13 C species found for c-C 3 H 2 and other carbon-chain molecules might be related to the 13 C anomaly in meteorites (Floss et al. 2006) . Although the 12 C/ 13 C anomaly in dust forming regions of AGB stars (e.g., Milam et al. 2009; Kahane et al. 1992; Tomkin et al. 1976 ) mainly contributes to the anomaly in meteorites, the 12 C/ 13 C anomaly in cold molecular clouds may also be responsible. Hence, understanding the abundance anomaly of the 13 C species and its evolution in star-forming regions is of particular importance to trace back from our planetary system to its interstellar origins. a All the transitions are also detected with IRAM 30 m.
b All the transitions are also detected with NRO 45 m. a Ratios directly derived from the column densities of c-C 3 H 2 , c-13 CCCH 2 , and c-CC 13 CH 2 .
b Ratios expected for the condition that 13 C is randomly distributed among the three carbon atoms and the elemental abundance ratio of 12 C/ 13 C is 60-70.
